Large African barbs of the genus Labeobarbus are widely distributed in African freshwaters, and exhibit profound phenotypic plasticity that could be a prerequisite for adaptive radiation. Using morphological, molecular, and stable isotope analyses, we investigated whether an adaptive radiation has occurred in a riverine assemblage of the L. gananensis complex. This complex is composed of six phenotypically distinct sympatric forms inhabiting the Genale River (Ethiopian highlands, East Africa). Of the six forms, five were divergent in their mouth morphology, corresponding to 'generalized', 'lipped', 'scraping' (two forms) and 'large-mouthed' phenotypes.
Introduction
The origin of diversity has intrigued evolutionary biologists for decades. Phenotypic and functional diversity among species or populations can promote resource division and avoidance of inter-and intraspecific competition within a common environment (Schluter 2000) . Sympatric adaptive speciation is one of the most important processes that can generate increased diversity and ultimately lead to speciation in the absence of geographic isolation (Kondrashov and Mina 1986; Schliewen еt al. 1994; Seehausen and Wagner 2014) . Species flocks have repeatedly been reported in lacustrine ecosystems as products of sympatric adaptive radiations (Greenwood 1974; Kontula et al. 2003; Horstkotte and Strecker 2005) . For example, there are many outstanding cases of sympatric radiations in cichlid species flocks from the Great Lakes of East Africa (Meyer et al. 1990 ; Salzburger et al. 2002; Seehausen et al. 2003) and from small crater lakes (Schliewen et al. 1994 ; Barluenga et al. 2006; Franchini et el. 2014) . In all of these cases, resource partitioning was found to be the main factor driving the divergence. In resource-poor habitats such as postglacial lakes and crater lakes, speciation typically occurs through disruptive ecological selection (Schluter 2000; Elmer et al. 2010) . Some of the well-known cases of ecological divergence in lake isolates include the benthic and limnetic forms of three-spined stickleback (Schluter 1996; McKinnon and Rundle 2002) , whitefish (Østbye et al. 2006; Laporte et al. 2015) , and the various forms of Arctic charr (Alekseyev et al. 2002; Gordeeva et al. 2014) .
There are also striking examples of ecological divergence in sympatry among cyprinids, the most species-rich teleostean family. A presumed species flock of small Asian 'Barbus' from Lake Lanao in the Philippines was composed of 18 to 20 species (Herre 1933; Myers 1960) ; all but one became extinct due to human activities before genetic tools had been developed (Kornfield and Echelle 1984) . Similarly, the Altai Osman of the genus Oreoleuciscus from the Valley of the Lakes in Mongolia has diverged into sympatric dwarf and piscivorous forms (Dgebuadze 1995) . Finally, an outstanding cyprinid species flock of large African barbs (genus Labeobarbus) was described from Lake Tana, Ethiopia, which is comprised of 15 phenotypically and ecologically divergent sympatric forms or species (Nagelkerke et al. 1994; Mina et al. 1996; de Graaf et al. 2008 ).
While sympatric speciation has been studied extensively in lacustrine systems, less research has been conducted in riverine environments (i.e. more open to gene flow; Castric et al. 2001 ).
Nevertheless, some remarkable examples of riverine radiations have recently been discovered in different fish groups, such as mormyrids (Sullivan et al. 2002; Feulner et al. 2007 ), cyprinids (Roberts 1998; Dimmick et al. 2001) , and cichlids (Koblmüller et al. 2008; Schwarzer et al. 2011; Piálek et al. 2012 Piálek et al. , 2018 . The formation of species flocks among distant lineages may indicate independent origins of the various species, and suggests that some conditions in riverine environments may promote sympatric speciation.
A putative riverine species flock was discovered over twenty years ago in the Ethiopian cyprinid genus Labeobarbus in the Genale River of Ethiopia (Golubtsov 1993; Mina et al. 1998 ).
This riverine assemblage of the Genale barbs was comprised of fewer distinct forms than those found in the lacustrine species flock from Lake Tana (Golubtsov 1993) . Divergent morphology and preliminary gut content analysis of these forms suggested trophic specialization (Mina et al. 1998; Golubtsov 2010) . Specifically, five different forms were reported, which included generalized, thick-lipped, large-mouthed (piscivorous), as well as two scraping forms with different jaw scrapers (Golubtsov 1993; Mina et al. 1998) . These same five forms were recently sampled again, along with an additional new form named 'short' due to its short body (Fig. 1) .
Preliminary studies have documented genetic divergence among some of these sympatric Genale barb forms (Dimmick et al. 2001; Levin et al. 2013) . This is in contrast to the well-studied Labeobarbus species flock in Lake Tana, which displays no or shallow genetic divergence among sympatric forms (de Graaf et al. 2010; Beshera and Harris 2014; Nagelkerke et al. 2015) . The assemblage of large African barbs in the Genale River consists of species from two different genera: Labeobarbus (L. gananensis) and Varicorhinus (V. jubae). However, it was recently reported that the scraper form V. jubae and generalaized L. gananensis are sister species, suggesting that the scraping foraging strategy has evolved independently among barbs, and that the previously assigned 'Varicorhinus' jubae belongs to the genus Labeobarbus (Levin et al. 2013 ). This finding raises the question as to whether the observed diversity of Labeobarbus in the Genale River represents a species flock (i.e. the species are monophyletic), or a species stock (i.e.
an assemblage of allopatrically originated forms). The main questions we addressed in this study were: (i) are the phenotypic features found in Genale barbs correlated with the partitioning of trophic resources, and (ii) what is the origin of the observed diversification among Genale barbs? In order to answer these questions, we tested the hypothesis of a monophyletic origin of the Genale barbs as a species flock following sympatric speciation. An alternative hypothesis would be that sympatric riverine barbs are a stock (assemblage) of different lineages that originated in isolated or semi-isolated parts of different river basins (allopatric model of speciation), and later colonized and established self-reproducing populations in sympatry with other Genale river forms. Hence, our specific objectives were to: 1) test the correlation between phenotypic divergence and trophic traits among riverine Genale forms;
2) assess trophic resource partitioning using stable isotope analyses; 3) evaluate the genetic relationships among Genale barbs and samples from other tributaries of the Juba, Wabe-Shebelle, and adjacent basins using mitochondrial markers.
Materials and methods

Sampling
Fishes of a putative species flock were sampled in the Genale River (Fig. 2) , Ethiopia, during March-April 2009 in the framework of the Joint Ethio-Russian Biological Expedition (JERBE).
Names of the different forms are described in Table. Comparative samples were collected from six other locations in the Juba and Wabe-Shebelle (JWS) basins (Fig. 2) during 2009-2012, with sampling permission from the appropriate authorities. Fish were caught using cast and gill nets, and killed with an overdose of MS-222. Samples were first preserved in 10% formalin in the field, and then transferred to 70% ethanol. All specimens (Supplementary Table S1 ) are stored in the Zoological Museum of Moscow University (ZMMU). Table. Common names of the six forms of African barbs from the Genale River, and the preliminary qualitative descriptions used in the field to identify each form. Absence of some specialized characters compared to other forms. NEC -no extreme characters (Nagelkerke et al. 1994; Mina et al. 1998 
Morphological analysis
The following morphometric characters were examined: standard length (SL) and body height (H), measured with a digital caliper (to nearest 0.01 mm), and gut length (GL), measured with a ruler (to nearest 1 mm). Gill arches were stained with Alizarin red, and gill rakers (GR) on both the lower and upper arches were counted using a binocular microscope (Leica EZ4D). Sample size for different traits varied from 97 (GR) to 151 (GL).
Stable isotope analysis
In total, 116 barb samples were processed for isotope analysis. Other species of fishes specialized for various diets were used as references. These included detritivorous cyprinids Labeo cf. (Post et al. 2007 ).
Morphology and stable isotope statistics
A non-parametric Spearman's rank correlation coefficient was used for testing the association between variables. Dunn's post hoc test was used following a non-parametric Kruskal-Wallis test, and results were visualized with boxplots constructed using R packages (v. 3.3.2) . Analysis of variance (ANOVA) and Tukey's unequal n honestly significant difference (HSD) were used to compare δ 13 С and δ 15 N values in the different forms. All statistical analyses were performed using Statistica 8.0.
DNA sampling, extraction, amplification, and sequencing
A total of 159 Genale barbs were used for DNA analyses, including all forms of the L. gananensis complex and L. jubae from the Genale watershed. An additional 40 DNA samples of Labeobarbus were included from six other locations in Indian Ocean catchment -four from different tributaries of the Juba basin, and two from the Wabe-Shebelle basin (Supplementary Table S1 , Fig. 2 ).
Sequences from an additional five species of Labeobarbus, as well as the closely-related specialized scraper Varicorhinus beso, were retrieved from GenBank for comparative purposes.
These specimens originated from adjacent drainages of the Atlantic (Tana Lake and Blue Nile) and Indian Ocean (Tana River basin and Malawi Lake) catchments, and inland basins (Rift Valley lakes and Omo-Turkana Basin) (Supplementary Table S2 ). Carasobarbus fritschii and Enteromius ablabes were included as outgroups.
Total genomic DNA was extracted from ethanol-preserved fin tissues using the BioSprint 15 kit for tissue and blood (Qiagen). A 1049 bp fragment of the mtDNA cytochrome b gene (cytb) and 615 bp fragment of the control region (d-loop) were amplified (Supplementary Table S3 ; Meyer et al. 1994; Palumbi 1996; Doadrio and Perdices 2001; Levin et al. 2013) . PCR products were visualized on 1% agarose gels, purified with ExoSAP-IT and sequenced by MACROGEN (Seoul, Republic of Korea) using ABI 3730XL, or at the Institute of Biology of Inland Waters (Russian Academy of Sciences) using ABI 3500. All new sequences were deposited in GenBank (Accession Numbers: MK001025-MK001392 and MK015650-MK015652, see Supplementary   Table S1 ).
Sequence analysis
All sequences were aligned and edited using Clustal X (Thompson et al. 1994) as implemented in MEGA v. 6.0 (Tamura et al. 2013 ). In total, 191 specimens from seven rivers in the JWS riverine systems were analysed for cyt-b; 222 were analysed for d-loop.
Phylogenetic analysis and haplotype network construction
All sequences were collapsed into common haplotypes using ALTER software (Glez-Peña et al. 2010 ). Both mtDNA genes were concatenated for construction of a multi-locus phylogeny. The best-fit model of molecular evolution by codon position was estimated via Akaike information criterion (AIC; Akaike 1973) using PartitionFinder v. 1.1.1 (Lanfear et al. 2012) . The best partition schemes used in the different phylogenetic analyses are presented in Supplementary Table S4 .
Bayesian phylogenetic inference (BI) was carried out in MrBayes v. 3.2.6 (Ronquist et al. 2012) . Two simultaneous analyses were run for 1 600 000 generations (set 1; cyt-b) and 4 000 000 generations (set 2; concatenated cyt-b + d-loop), each with four MCMC chains sampled every 100
generations. Convergence was verified with Tracer v. 1.6. (Rambaut et al. 2014) . A 50% majority rule consensus tree with posterior probabilities was obtained after the first 25% of generations were discarded as burn-in. Phylogenetic analyses of both datasets was also conducted with maximum likelihood (ML) in RaxML (Stamatakis 2007) . The GTRGAMMAI substitution model was applied with 1000 replicates using the rapid bootstrap algorithm (Stamatakis et al. 2008 ).
Uncorrected p-distances for both genes were calculated in MEGA v. 6.0 (Tamura et al. 2013 ) in order to quantify genetic divergence among forms and populations.
Bayes factor (BF) comparisons were used to test for monophyly of the JWS lineage. The stepping-stone sampling algorithm implemented in MrBayes was used to estimate marginal likelihoods for two alternative models where JWS barbs were constrained to be either monophyletic or paraphyletic. BF was calculated in log-units as the difference between natural logarithms of marginal likelihoods of the two models. The same approach was used to test for monophyly/polyphyly of the 'NEC' form of Genale barbs. In both cases, the constrained steppingstone analysis involved 50 steps and the same number of chains and generations as the corresponding Bayesian phylogenetic analysis (see above), with the initial burn-in of one step.
A haplotype network for the d-loop dataset was constructed using the median joining algorithm (Bandelt et al. 1999) in PopArt 1.7 (Leigh and Bryant 2015) .
Genetic diversity, population structure and demography
Nucleotide and haplotype diversity parameters were estimated using DnaSP v. 5.0 (Librado and Rozas 2009). Genetic differentiation among populations was tested for in Arlequin v. 3.5.1.2.
(Excoffier and Lischer 2010) using the fixation index FST (Weir and Cockerham 1984) . To detect signatures of demographic shifts in recent history, deviations from a model of mutation-drift equilibrium were tested for in both genes, using Fu's Fs (Fu 1997 ) with 1000 pseudo-replications, as well as Tajima's D neutrality test (Tajima 1989 
Results
Morphology associated with trophic resource partitioning
Gill rakers
Most of the Genale forms were divergent in the number and shape of gill rakers ( Fig. 3 ; Supplementary Fig. S1 and Table S5 ). GR number did not increase with SL in any form (rs varied from -0.281 for 'NEC' to 0.312 for 'smiling', p > 0.05). The 'large-mouthed' form had significantly fewer GR compared to most of the other forms (Kruskall-Wallis test, p < 0.05), except the 'lipped' form (p = 0.18). Both scraping forms (L. jubae and 'smiling') had higher GR numbers compared to the other forms (Kruskall-Wallis test, p < 0.05); the number of GR was similar between the two scraping forms. The 'NEC', 'lipped' and 'short' forms possessed an intermediate and similar number of GR. With the exception of the 'large-mouthed' form, GR were saturated with taste buds located on processes, serrations or papillae on the pharyngeal side; they were particularly well developed in both scraping forms ( Supplementary Fig. S1 ).
Gut length
With the exception of the 'large-mouthed' form, all other forms had long guts that measured from four to six times the body length (Fig. 3) . Gut length (GL as % SL) in all forms was positively correlated with body length, with the exception of the 'large-mouthed' form that showed a negative (non-significant) correlation (Table S6 ). The 'Large-mouthed' form differed significantly in GL from all other forms; there were significant differences between some of the other forms (KruskallWallis test, p < 0.05; Fig. 3 ). The 'short' form appeared to have the longest gut, however the absolute length was similar to the other forms; when expressed in relation to SL, the gut appeared longer because body length was shorter (Fig. 3) . 'lipped', and 'short' forms (Fig. 4) . Among the scraping forms, 15 N was higher in the 'smiling' form than L. jubae (Fig. 4) . 56 unique haplotypes were found from the JWS basins, which formed a monophyletic clade in both the BI and ML phylogenetic trees (Fig. 5) . Monophyly of this group was strongly supported by the topology hypothesis testing (log BF = 13.2). This clade formed a sister clade to the Ethiopian barbs from the Ethiopian Rift Valley and other westward drainages, including those from Lake
Tana that we assigned as L. intermedius s. lato following Banister (1973) . However, the statistical support for this relationship was weak. One specimen from the Arer River (Wabe-Shebelle drainage; GenBank sequence GQ853247) grouped with the western barbs L. intermedius s. lato.
This could simply be a result of geographic mislabeling of the sample, especially in light of the fact that there is a Hare River (Lake Chamo basin), which could be acoustically mistaken for Arer River (Wabe-Shebelle basin). Alternatively, it could be a result of the penetration of L. intermedius into the upper streams of the Wabe-Shebelle drainage by riverine capture(s). It seems more likely that the positioning of the GQ853247 sample in the phylogeny is a labeling error. 
Relationships among barbs from the Genale and other localities
The BI tree constructed with the concatenated cyt-b + d-loop dataset (1664 bp) revealed a nonmonophyletic origin of the Genale forms (Fig. 6) . Polyphyly was decisively supported, particularly with the topological hypothesis testing of the 'NEC' form (log BF = 394.6). Since the tree topology does not fully resolve the relationships neither among only the Genale forms nor among Genale and other barb species, a haplotype network was also constructed with this dataset (Fig. 7) . Genale barbs are colored by green ('NEC', 'lipped', and 'short'), blue ('large-mouthed'), red ('smiling'), and grey (L. jubae).
Haplotype network analysis of intra-and interspecific relationships of Genale barbs and barbs from other rivers in the JWS drainage
The haplotype network constructed with d-loop sequences revealed high diversity among Genale barbs and barbs from other rivers in the JWS drainage (Fig. 7) . A total of 126 haplotypes were found (Supplementary Table S7 ). Intraspecific relationships among Genale forms suggest a common origin. 'NEC', 'short', and 'lipped' forms were represented in two clusters. Three specimens (two 'lipped' and one 'NEC') were assigned to different clusters (Fig. 7) . One of the 'lipped' specimens occurs between 'NEC' barbs from the Welmel River (a tributary of the Genale River) and 'NEC' + Scraper barbs from the Awata River (a tributary of the Dawa River in the Juba drainage). The other 'lipped' specimen is placed with the 'NEC' form from the Dawa River (Fig.   7 ). It is important to note that although the Awata River is a tributary of the Dawa River, the 'NEC'
forms from these localities are very distant in the network (min. 76 mutational steps; Fig. 7 ). In fact, they are genetically closer to populations from other rivers of the JWS than to each other.
One Genale 'NEC' specimen shared the same haplotype with the Genale 'large-mouthed' form.
Only one non-Genale 'NEC' haplotype was found within the Genale 'NEC'-'short'-'lipped'
cluster. This was a specimen from the Weyb River, a tributary of the Juba River. Another Weyb 'NEC' specimen grouped together with Dawa 'NEC' specimens (Fig. 7) . Individuals of the 'short' form shared haplotypes exclusively with Genale 'NEC' and 'lipped' forms (Fig. 7) . The fact that this 'short' phenotype is only found in the Genale River suggests a local origin of this form. Only two 'lipped' individuals did not fall within the Genale clusters (Fig. 7) . One was close to 'NEC' and 'scraper' specimens from the Awata River, and the other clustered with 'NEC', 'lipped' and 'scraper' forms from Rivers Dawa, Weyb, Burka, and Wabe. The most genetically distinct group of Genale forms are the scrapers (particularly L. jubae and undescribed 'smiling' form; Fig. 7 ). Although they are only separated by three mutational steps, they do not share any haplotypes. However, one phenotypically intermediate specimen was
found, which belonged to the L. jubae haplogroup.
The scraper L. jubae was described from the Genale River (Banister 1984) , and is also found in other rivers of the Juba Basin (Levin et al. 2013 ). Most of these specimens were separated from the other Genale forms by at least 31 mutational steps (Fig. 7) . In fact, Genale scraper forms were closer to 'NEC' and 'lipped' forms from other parts of the JWS drainage (Dawa basin) than to the Genale 'NEC'-'short'-'lipped' cluster, providing evidence that the L. jubae scraper form originated outside of the Genale. Moreover, some specimens with distinct scraping features like L. jubae (the lower jaw is modified into a scraper) belonged to the 'NEC' and 'lipped' haplogroups in the Awata River (Juba basin) and Wabe River (Wabe-Shebelle basin).
The 'large-mouthed' form was represented by a compact haplogroup composed of six haplotypes (Fig. 7) . This haplogroup is linked to Genale 'NEC'-'short'-'lipped' clusters through other non-Genale 'NEC', 'lipped' and 'scraper' forms (Fig. 7) . Two non-Genale 'NEC' specimens from the Burka River in the Wabe-Shebelle drainage clustered with the 'large-mouthed' haplogroup, with only one nucleotide substitution between them (Fig. 7) . Another closely related pair of specimens (i.e. sharing the same haplotype) were 'NEC' and 'scraper' forms from the Wabe River (Fig. 7) . One Genale 'NEC' specimen and one Genale L. jubae shared haplotypes with 'large-mouthed' specimens. This could be due to recent hybridization, since all other Genale 'NEC'-'lipped'-'short' and L. jubae individuals are clearly divergent from the 'largemouthed' haplogroup (Fig. 7) . Therefore, the 'large-mouthed' form likely originated from the Wabe-Shebelle drainage and later colonized a wider riverine network.
Genetic diversity, population structure and demography
With the exception of the 'large-mouthed' and 'smiling' forms, the Genale barbs are characterized by very high haplotype diversity (Supplementary Table S7 ). The lowest haplotype diversity was detected in the 'large-mouthed' and 'smiling' forms (0.76 and 0.74, respectively; Supplementary Table S7 ). The 'smiling hybrid' group had the highest nucleotide diversity (Supplementary Table   S7 ). Tajima's D did not differ significantly from zero in any of the Genale barbs, providing no evidence for selection (Table S7 ). Negative and significant Fu's Fs values were observed in 'NEC', 'lipped' and L. jubae forms (Table S7) , suggesting a recent population expansion or occurrence of genetic hitchhiking.
Low and non-significant FST values were detected between 'NEC' and 'short' (0.01), 'NEC'
and 'lipped' (0.01), and 'short' and 'lipped' (0.01), suggesting a common gene pool among these forms (Table S8) . FST values between other forms were very high, indicating limited gene flow. (Table S8 ).
Discussion
Within the Genale River, we have found an assemblage of six sympatric forms that appear to partition trophic resources using three different foraging strategies (viz. scraping, omnivory, piscivory). These specialized forms, including two diverse scraping forms, show morphological adaptations to the mode of feeding as evidenced by divergent stable isotope ratios. This assemblage appears to be a monophyletic group, divergent from other Labeobarbus populations from adjacent drainages. These results support the hypothesis that the Genale barbs assemblage is a species flock.
However, the phylogeographic relationship between barbs from the Genale and other JWS drainages is complicated. We discuss these results in the context of adaptive radiations in fishes.
Trophic resource partitioning by sympatric Genale forms
Gill raker number and gut length are morphological features typically associated with trophic resource partitioning (Kramer and Bryant 1995; Horstkotte and Strecker 2005; Kahilainen et al. 2011 ). Hence, differences in gill raker counts likely reflect adaptation to different foraging strategies. With the addition of gut content and stable isotope analysis, we were able to provide further support for resource partitioning of the sympatric forms found in the Genale. For example, the gills of the 'NEC', 'short' and 'lipped' forms had cushions at the bottom of the pharyngeal rakers, which are saturated in taste buds, as also shown for a cyprinid Cyprinus carpio (Sibbing 1988 ). Similar cushions were described by Matthes (1963) in Labeobarbus altianalis (Boulenger, 1900) , a species that is considered to be omnivorous. External taste buds direct searching the substrate for benthic food (detritus, insect larvae, etc.; Nagelkerke 1997). Hence, the three forms expressing these cushioned rakers saturated in taste buds are likely benthic omnivores -a finding also supported by gut length measurements and content analysis. Specifically, these three forms had long intestines -characteristic of omnivores -that were filled with a high proportion of detritus. Moreover, stable isotope analysis indicated that these forms occupy the lowest trophic level, as they had the lowest δ 15 N values, similar to sympatric detritophagous labeonins Labeo cf.
cylindricus (mean δ 15 N = 11.2±0.1‰), bentophagous mormyrids Mormyrus caschive (mean δ 15 N = 11.6±0.2‰), and L. intermedius from Lake Awassa (10.8-11.8‰) that feed primarily on benthic molluscs (Desta et al. 2006) . Notably, the slightly shorter gut and higher δ 15 N in the 'lipped' form may suggest a more benthophagous habitat than that occupied by the 'NEC' form, especially in light of the fact that enlarged lips are known to be an adaptation to foraging on benthos hidden between rock crevices on pebble and rock fragments (Matthes 1963) . Nevertheless, there were very little differences between these three forms in all the phenotypic traits measured, except body shape, which was shorter in the 'short' form as a result of compressed vertebral bodies (Levin and Golubtsov 2015 , see also Fig. S2 ). Whether this represents a genetic or plastic change, and whether it is adaptive or not remains to be explored.
Unlike the three forms described above, which had intermediate numbers of gill rakers, the two scraping forms ('smiling' and 'L. jubae') had the highest number of gill rakers that is consistent with knowledge on other specialized scrapers (e.g. Levin 2012 ). However, they differed in gut length, which was significantly longer in the 'L. jubae' form. This increased gut length is similar to that seen in the highly specialized algae scraper, Varicorhinus beso, which is the type species of the genus (6-7 SL in adults according to Levin 2012) . In fact, the 'L. jubae' form was initially classified in the Varicorhinus genus, likely due to its morphological appearance of a specialized algae scraper (Banister 1984) . Although the 'smiling' form demonstrates scraping features (wide mouth with reduced lips and a horny cutting edge on the lower jaw), its gut was shorter and also included benthic larvae of the family Simulidae attached to stones. Together with the higher values of δ 15 N, this indicates that the 'smiling' scraper has a mixed diet, as it likely grazes on algae as well as attached benthos. Hence, there were notable differences between the two scraping forms.
While having an increased number of gill rakers is beneficial for filtering algae and detritus, fewer gill rakers are needed when preying upon planktivorous fish. As such, divergence in gill raker numbers is often observed between omnivorous and piscivorous species (Hjelm et al. 2000; Alekseyev et al. 2002) . Accordingly, the 'large-mouthed' form also displayed the fewest number of gill rakers, consistent with piscivory. Furthermore, this form had the shortest gut (roughly 2 SL). Although piscivory is relatively rare among cyprinids -due to the absence of oral teethsome large piscivorous African barbs have been described in a species flock of Labeobarbus spp.
from Lake Tana. In this case, the eight forms/species that were identified as piscivorous or predominantly piscivorous had shorter guts than the non-piscivorous forms (Nagelkerke 1997; Sibbing et al. 1998) . Gut content and stable isotope analyses both confirmed the high trophic position of this form: the stomachs (when filled) contained juvenile fish, and the 15 N was roughly 2.7‰ enriched relative to the 'short' form. In aquatic systems, the difference in δ 15 N values between trophic levels is usually about 2.3-3.0‰ (McCutchan et al. 2003; Vanderklift and Ponsard 2003) , hence the 15 N enrichment observed in the 'large-mouthed' form is indicative of a trophic shift. Moreover, the δ 15 N values of this form were similar to those of the predatory bagrid catfish
Bagrus urostigma (mean δ 15 N = 14.1±0.2‰ -our unpublished data) inhabiting the same locality.
mtDNA divergence among the trophic forms of Genale barbs
Our phylogeographic analysis showed that groups defined by resource partitioning belong to different haplogroups. Specifically, the three omnivorous forms that showed high phenotypic similarities (viz. 'NEC', 'lipped', and 'short') also clustered together with little differentiation between pairs (FST < 0.01). Interestingly, these forms were represented in two relatively divergent clades/haplogroups, both composed of predominately Genale haplotypes. Most probably, such pattern reflects colonization of the Genale River by two divergent ancestral populations that experienced admixture in the Genale. Within each clade/haplogroup, there were several haplotypes shared among the three forms. This could suggest that they comprise a polymorphic population with phenotypic differences arising from plasticity. Alternatively, these three forms could be reproductively isolated, but if recent, this genetic divergence would not be evident in mtDNA.
Similarly, the 'large-mouthed' form formed an independent clade/haplogroup comprised primarily of large-mouthed individuals. This haplogroup was genetically similar to the 'NEC'
forms from Dawa, Burka, Wabe and Weyb Rivers, suggesting a possible origin outside of the (Golubtsov 1993; Dimmick et al. 2001; Mina et al. 2001; Golubtsov 2010 ; current study).
The two scraper forms were more genetically similar to populations composed of 'NEC' and scraper forms from Dawa basin tributaries than to 'NEC' and scraper forms from the Genale.
mtDNA data suggests that the L. jubae scraper originated from a scraper population in the Dawa River, which is genetically similar to the sympatric 'NEC' population. Interestingly, the 'smiling'
scraper form appears to have evolved from the Genale population of L. jubae, as it displays unique haplotypes.
Mechanisms of speciation in Genale barbs: allopatric vs. sympatric? Towards a concept of multi (yet mini) flock
When analyzed in a broad geographic context (with cyt-b only), all individuals of the L. gananensis complex from the JWS drainage formed a monophyletic group that was a sister clade to
Labeobarbus spp. taxa from other distant drainages (e.g. Rift Valley, Nile, Omo-Turkana). This suggests that the adaptive radiation of the Genale labeobarbs originated within the JWS drainage, and this Genale assemblage might constitute a species flock. However, strict monophyly was not always supported when reference samples from other JWS localities were analyzed with the addition of d-loop sequences. Hence, it is likely that the assemblage of barbs in the Genale has both sympatric and allopatric origins. Specifically, the 'NEC', 'lipped' and 'short' forms likely diverged in sympatry within the Genale, whereas the scrapers and 'large-mouthed' forms originated from other regions in the JWS drainage (i.e. allopatric to the Genale, but sympatric with other forms elsewhere in the JWS drainage). Thus, the Genale labeobarbs assemblage is likely a result of several events of sympatric ecological divergence that occurred in geographically distant localities, with subsequent dissipation via riverine net. As the Genale River is centrally located in a broad riverine net of the JWS drainage, it could serve as a hub that facilitates migration from both eastern (Dawa) and western (Wabe-Shebelle) channels (Fig. 2) .
Of course, we cannot exclude the possibility of secondary contact or secondary sympatry as additional promoters of phenotypic novelty. These events have been shown to help species overcome environmental challenges and adapt to novel environments during adaptive radiations (Mittelbach and Schemske 2015; Nichols et al. 2015; Meier et al. 2017 ). In addition, introgressive hybridization between phylogenetically distant Ethiopian Labeobarbus spp. is also possible, as recently reported (Levin and Golubtsov 2017) .
A species flock is defined as a monophyletic assemblage of endemic forms or species geographically restricted to a particular area (Greenwood 1984; Schön and Martens 2004) . Oliver (2016) expanded this concept to define a species metaflock: 'a complex of two or more closely related species flocks (within the same subfamily or tribe), each at least presumptively monophyletic, that do not together make up a monophyletic group.' However, the Genale barb assemblage does not directly adhere to this definition. We consider such an assemblage of sympatric species/forms composed of several independently originated mini-flocks (although being genetically closer to each other than to lineages outside the basin) as a species multiflock.
This term might also apply to other cases, such as with other large African barbs widely distributed throughout the continent (Vreven et al. 2016 (Vreven et al. , 2018 .
The role of riverine environments in adaptive radiations
Until recently, tests for monophyly have generally not been conducted to satisfy the species flock concept in riverine systems (Berg 1914; Burnashev 1952; Kuznetsov 1967, 1968; Roberts 1998; Roberts and Khaironizam 2008) except some recent studies (e.g. Koblmüller et al. 2008; Schwarzer et al. 2011; Piálek et al. 2012 Piálek et al. , 2018 . Compared to lacustrine environments, riverine conditions are usually thought to provide fewer opportunities for fish diversification.
However, it has been suggested that some ancient riverine systems represent unique evolutionary hotspots with multiple intra-basin radiations (Roberts 1998; Glaubrecht and Köhler 2004; Feulner et al. 2007; Piálek et al. 2012; Bolotov et al. 2017) . The JWS drainage basins have striking upstream canyons (see example in Fig. S3 ) that have been shaped by the succession of rifting events in the Miocene 18 to 11 mya (Wolfenden et al. 2004; Mège et al. 2015) . Traces of antecedent rivers, including paleochannels currently filled with basalt lava of Miocene-Pleistocene age, suggest that the JWS basin is indeed ancient (Mège et al. 2015) . Therefore, the dynamic geological history and the ancient origin of the JWS riverine net can explain the complex genetic structure of JWS labeobarbs. Impassable barriers for fish migration, such as 20 m high waterfalls (Fig. S4 ) still exist, hence gene flow between separate river sections is impeded. Moreover, it has been shown that waterfalls separating depauperate fish fauna from a richer fauna can induce trophic polymorphism in sympatry (Roberts and Khaironizam 2008; Golubtsov 2010) . The species flock of Labeobarbus barbs in Lake Tana is a striking example that corroborates this suggestion.
Lake Tana includes 15 endemic forms/species of Labeobarbus and eight other non-Labeobarbus species, which are physically isolated from the much richer fauna downstream of a very high waterfall (Tis-Isat; ca. 40 m high; Golubtsov 2010).
Adaptive radiation in the context of origin of Labeobarbus
Many reports on the mouth polymorphism of Labeobarbus spp. suggest that this is a common intrinsic feature of this group, rather than an exception. Such propensity to produce different trophic phenotypes is apparently explained by an allopolyploid origin of the evolutionary hexaploid lineage of Labeobarbus (Oellermann and Skelton 1990; Golubtsov and Krysanov 1993; Yang et al. 2015) . The maternal lineage of the hexaploid Labeobarbus was from the tetraploid Tor lineage (Yang et al. 2015) , widely distributed from Southeastern Asia via South Asia to the Middle East. Some representatives of the Tor lineage have a generalized mouth phenotype with moderately developed lips, while others have a phenotype with over-developed or hypertrophied 'rubber lips' (Borkenhagen 2014; Coad 2017) . On the other hand, the paternal lineage was from the diploid Cyprinion (Yang et al. 2015) , distributed in South Asia and the Middle East. Most species of this genus are specialized scrapers with a well-developed horny cutting edge on the lower jaw as well as other specialized features (Coad 2017) . Therefore, a discrete trophic polymorphism of Labeobarbus is based on preexisting genetic templates inherited from its ancestors, and realized numerously as homoplasy in many isolated lineages distributed throughout Africa.
The genus Labeobarbus provides an excellent model system to study parallellism of adaptive radiations, and can help clarify the mechanisms by which mouth polymorphisms have aided avoidance of intraspecific competition, ultimately resulting in ecological speciation. Apparently, inherited genomic templates of the trophic polymorphism played a major role in the evolutionary success of this significantly diversified lineage (ca. 125 species sensu Vreven et al. 2016) .
Complex genomes that have experienced past hybridization may contribute to rapid adaptive radiation, as established in cichlids from African Great lakes (Meier et al. 2017; Irisarri et al. 2018 ).
Ancient introgressions have also been detected in Arctic charr (Salvelinus; Lecaudey et al. 2018) which are classic examples of sympatric divergence in high altitudes (Hindar and Jonsson 1982; Alekseyev et al. 2002; Knudsen et al. 2006; Taylor 2016) . Application of advanced molecular technologies to investigations of hexaploids can contribute deeper insights into the evolutionary history of Labeobarbus (Stobie et al. 2018 ).
